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Event-related brain potentials (ERPs) are altered in patients with a variety of psychiatric disorders and may represent
quantitative correlates of disease liability that are more amenable to genetic analysis than disease status itself. Results
of a genomewide linkage screen are presented for amplitude of the N4 and P3 components of the ERP, measured
at 19 scalp locations in response to a semantic priming task for 604 individuals in 100 pedigrees ascertained as
part of the Collaborative Study on the Genetics of Alcoholism. N4 and P3 amplitudes in response to three stimuli
(nonwords, primed words [i.e., antonyms], and unprimed words) all showed significant heritabilities, the highest
being .54. Both N4 and P3 showed significant genetic correlations across stimulus type at a given lead and across
leads within a stimulus, indicating shared genetic influences among the traits. There were also substantial genetic
correlations between the N4 and P3 amplitudes for a given lead, even across stimulus type. N4 amplitudes showed
suggestive evidence of linkage in several chromosomal regions, and P3 amplitudes showed significant evidence of
linkage to chromosome 5 and suggestive evidence of linkage to chromosome 4.

Introduction

Event-related brain potentials (ERPs) are recordings of
neuroelectric activity, usually in response to some task,
made from electrodes on the scalp. ERPs have been
shown to be altered in patients with a variety of psy-
chiatric disorders and in members of their families, com-
pared with the general population. In particular, alco-
holic subjects have a reduction of amplitude of the P3
component, a positive peak ∼300–600 ms after a stim-
ulus, that remains after long periods of abstinence from
alcohol (Porjesz and Begleiter 1985). A similar reduction
in P3 amplitude is also seen in the young alcohol-naive
sons of alcoholic probands (Begleiter et al. 1984). P3
amplitude is thought to be related to stimulus signifi-
cance and the reduced amplitude in alcoholics and their
relatives implies difficulty in discriminating stimulus rel-
evance (Porjesz and Begleiter 1996). Although some
studies have not observed a reduction in P3 amplitude
in family members of alcoholics, meta-analysis suggests
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that these inconsistencies may be due to differences in
stimulus modality and task difficulty of the paradigms
used to elicit the P3 (Polich et al. 1994). Similar neu-
roelectric alterations have been suggested in other psy-
chiatric disorders. For example, characteristic ERP
response patterns also have been demonstrated in schiz-
ophrenic patients and their first-degree relatives (Black-
wood et al. 1991). Because these ERP phenomena occur
not only in psychiatric patients themselves but also in
their clinically unaffected relatives, the neuroelectric ab-
normalities may reflect processes that underlie liability
to these complex, multifactorial disorders, rather than
functional changes caused by disease progression. Thus,
an assessment of the genetics of ERPs may provide in-
sight into the underlying neuropathology involved in li-
ability to various psychiatric conditions.

The current experiment consisted of a lexical decision
task requiring subjects to indicate as rapidly as possible
whether a letter string was or was not a word. Words
preceded by semantically related words (antonyms)
were more quickly recognized as words (primed) than
those preceded by unrelated words (unprimed). N4 and
P3 components were recorded at 19 scalp locations to
three different stimuli: nonwords (jumbles), primed
words (antonyms), and unprimed words. The N4 com-
ponent is a negative component occurring ∼400–600
ms after an incongruent (unprimed) word among con-
textually related (primed) words. The more incongruent
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the unprimed word is, the greater the amplitude of the
N4 peak (Kutas and Van Petten 1988). Although N4 is
obtained to unprimed but not primed words in normal
subjects, alcoholics manifest N4s to both primed and
unprimed words (Porjesz and Begleiter 1996). The fail-
ure of priming to suppress N4 amplitude in the alcoholic
subjects indicates semantic memory deficits and suggests
that N4 amplitude, like P3 amplitude, may be an elec-
trophysiological endophenotype indexing underlying
genetic susceptibility to alcohol dependence. Abnor-
malities of N4 amplitude in semantic priming tasks have
also been observed in individuals with schizophrenia
(Grillon et al. 1991; Adams et al. 1993), disruptive be-
havior disorders (Knott et al. 1998), and autism (Strand-
berg et al. 1993). The purpose of the current study was
to quantify the strength of genetic influences on these
potential endophenotypes, assess the degree of pleio-
tropy between them, and localize quantitative trait loci
(QTLs) influencing variation in N4 and P3 response.
Such QTLs would become candidate loci for alcohol
dependence. Toward this end, the heritabilities of N4
and P3 amplitudes were estimated for each lead and
each stimulus type, bivariate quantitative genetic anal-
yses were performed, and multipoint genomic linkage
screens were conducted.

Methods

The families in this study were ascertained through six
separate sites as part of the Collaborative Study on the
Genetics of Alcoholism (COGA). The COGA project
(Begleiter et al. 1995) was designed to investigate genetic
influences on susceptibility to alcohol dependence both
through direct analyses of the disease phenotype and
through related risk factors such as ERPs. The COGA
sample includes a variety of phenotypic data from fam-
ilies ascertained through one or several alcoholic pro-
bands and from randomly ascertained control families.
Genotypic and electrophysiological data are available
for a subset of individuals in the densely affected fam-
ilies. Probands in these families met both DSM-III-R
criteria for alcohol dependence (American Psychiatric
Association 1987) and Feighner definite criteria for al-
coholism (Feighner et al. 1972) and were also required
to have two additional first-degree relatives who were
alcohol dependent by the same criteria for a family to
enter stage 2 of the study, in which a genome screen was
conducted. In 100 families meeting these criteria, 604
individuals were examined in identical electrophysiolo-
gical laboratories at the six COGA data collection sites.
Although family members provided a detailed psychi-
atric history, no one was excluded on this basis. Family
members also completed a neuropsychological battery
and a family history questionnaire, with electroenceph-
alogram (EEG)/ERP data and blood samples collected

for subsequent analyses. These procedures were ap-
proved by the institutional review boards of all six
COGA sites, and all participants gave informed consent.
Subjects ranged in age from 16 to 70 years and included
approximately equal numbers of males and females
(51% versus 49%).

The experimental design used for ERP studies in the
COGA project have been described in detail elsewhere,
in studies documenting the consistency of measurements
across the six COGA laboratories (Alexander et al.
1994; Cohen et al. 1994; Kuperman et al. 1995), and
the protocols will only briefly be reviewed here. Subjects
were seated in a dimly lit sound-attenuated chamber
(Industrial Acoustics) and wore a fitted electrode cap
(Electro-Cap International) containing the 21 leads of
the 10–20 international system. The tip of the nose
served as the reference and the forehead as ground. Elec-
trical activity was amplified 10 K (Sensorium EPA-2
Electrophysiology Amplifier) over a bandwidth of 0.02–
50 Hz and was continuously sampled (Concurrent 5550
computer) at a rate of 256 Hz. Vertical and horizontal
eye movements were monitored, and artifact rejection
was performed on-line. Digital filtering (8 Hz low-pass
filter) of the accumulated data was performed off-line.

The current experiment consisted of a lexical decision
task requiring subjects to indicate as rapidly as possible,
with a button-press response, whether a letter string was
or was not a word. Words preceded by semantically
related words (antonyms) were more quickly recognized
as words (primed) than those preceded by unrelated
words (unprimed). Both N4 and P3 components were
recorded at 19 scalp locations to three different stimuli:
nonwords (jumbles), primed words (antonyms), and un-
primed words. Target trials with a response time of
11,000 ms were rejected. Speed of response was em-
phasized but not at the expense of accuracy. ERPs were
averaged across trials for each type of stimulus, and a
semiautomatic peak picking procedure was used. The
P3 component of the response was selected as the largest
positive peak within a time window of 400–600 ms.
The N4 component was selected as the largest negative
peak immediately preceding the P3 peak, generally be-
tween 300 and 600 ms. Peak amplitude was measured
relative to the prestimulus baseline (125 ms of EEG
prior to stimulus onset), and peak latency was taken as
the time point with the maximum positive or negative
amplitude within the specified time window.

The 100 families examined ranged in size from 2 to
20 phenotyped individuals, with most pedigrees having
two generations of family members examined and a few
having three generations. The complexity of these ped-
igrees and their information content are illustrated by
the number and variety of pairwise relationships within
the families. These pedigrees encompass 1,759 pheno-
typed relative pairs, including 497 parent-child pairs,
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Table 1

Heritabilities of N4 and P3 Amplitude in Response to Primed, Unprimed, and Nonsense Words 5 SE

Lead

N4 P3

Primed Unprimed Nonsense Primed Unprimed Nonsense

Fp1 .22 5 .07** .23 5 .08** .25 5 .08** .27 5 .08*** .25 5 .08** .21 5 .08**
Fp2 .19 5 .07** .16 5 .08* .26 5 .08** .24 5 .08** .15 5 .07* .15 5 .08*
F7 .13 5 .07 .18 5 .08* .26 5 .08** .09 5 .07 .16 5 .07* .09 5 .07
F3 .25 5 .07**** .27 5 .08*** .36 5 .08**** .28 5 .07**** .26 5 .08*** .19 5 .09*
FZ .23 5 .07** .24 5 .08** .38 5 .09**** .26 5 .07**** .24 5 .08** .15 5 .08
F4 .22 5 .07** .21 5 .08** .38 5 .09**** .24 5 .07*** .22 5 .07** .17 5 .07*
F8 .21 5 .07** .26 5 .08*** .27 5 .07**** .21 5 .07** .18 5 .07** .11 5 .07
T7 .09 5 .07 .18 5 .08* .26 5 .08*** .15 5 .08 .24 5 .08** .15 5 .07*
C3 .14 5 .07* .16 5 .07* .26 5 .08*** .25 5 .08*** .27 5 .08*** .21 5 .08**
CZ .21 5 .07** .23 5 .08** .32 5 .08**** .28 5 .07**** .27 5 .07**** .23 5 .08**
C4 .20 5 .07** .21 5 .08** .27 5 .08**** .27 5 .08** .27 5 .08**** .22 5 .08**
T8 .12 5 .07 .19 5 .08** .24 5 .07*** .15 5 .07* .21 5 .07** .20 5 .07**
P7 .20 5 .08** .29 5 .08*** .29 5 .08**** .31 5 .09*** .33 5 .08**** .37 5 .08****
P3 .10 5 .07 .18 5 .07* .22 5 .07** .26 5 .08*** .26 5 .08*** .33 5 .08****
PZ .15 5 .07* .13 5 .07 .20 5 .07** .32 5 .08**** .26 5 .07*** .36 5 .09****
P4 .10 5 .07 .18 5 .08* .22 5 .07** .26 5 .08** .29 5 .08**** .38 5 .08****
P8 .20 5 .08* .30 5 .08**** .33 5 .08**** .30 5 .08*** .35 5 .08**** .45 5 .08****
O1 .25 5 .08** .36 5 .09**** .38 5 .08**** .42 5 .09**** .44 5 .08**** .51 5 .08****
O2 .30 5 .08**** .41 5 .09**** .44 5 .09**** .39 5 .09**** .46 5 .09**** .54 5 .08****

NOTE.—* , ** , *** , and **** .P ! .05 P ! .01 P ! .001 P ! .00044

758 sibling pairs, 335 avuncular pairs, and 104 first-
cousin pairs, as well as a number of grandparent-grand-
child, half-sibling, half-avuncular, and half-cousin pairs.
It should be noted that these relative pair counts are
provided to illustrate the complexity of the COGA
pedigrees, since the maximum-likelihood analyses em-
ployed use entire pedigrees simultaneously.

Additive genetic heritabilities and their standard er-
rors were calculated by use of standard maximum-
likelihood variance decomposition techniques, imple-
mented in SOLAR (Almasy and Blangero 1998), with
phenotypes regressed for age and sex prior to analyses.
P values were obtained by comparing a model in which
additive genetic heritability was estimated to one in
which that parameter was fixed at 0. The difference in
loge likelihood between these two models is distributed
as a mixture of a x2 distribution with 1 df and a point
mass at 0 (Self and Liang 1987). Phenotypic, genetic,
and environmental correlations were obtained through
bivariate variance-component analyses, using a modi-
fied version of SOLAR (Almasy et al. 1997).

Individuals were genotyped for a complete genome
screen, including 312 highly polymorphic microsatellite
markers spaced at ∼15-cM intervals. Multipoint linkage
analyses were conducted using a maximum-likelihood
variance component method, implemented in SOLAR.
The difference in log10 likelihood between a model in
which a QTL effect is estimated and one in which it is
fixed at 0 provides a LOD score.

Results

Table 1 summarizes the additive genetic heritabililies of
N4 and P3 amplitudes in response to primed, unprimed,
and nonsense words. Heritabilities for P3 amplitude
were greater than those for N4 amplitude and tended
to be greatest for occipital leads. Although a Bonferroni
correction is unduly conservative, since these 114 traits
are highly intercorrelated, the 35 traits in table 1 marked
with four asterisks have heritabilities with afterP ! .05
a Bonferroni correction.

The genetic influences on these phenotypes are
strongly correlated. Table 2 shows the total phenotypic,
genetic, and environmental correlations across stimulus
type and wavelength. Each correlation was averaged
across the 19 leads. Within wavelength, the average ge-
netic correlation across stimulus type was .88. This is
not significantly different from 1 and suggests that the
same genes influence N4 in response to nonsense, an-
tonym, and unprimed stimuli and that the same genes
influence P3 in response to nonsense, antonym, and
unprimed stimuli. Within stimulus type, across wave-
length, the average of the genetic correlations was .77,
suggesting substantial, but not complete, overlap in the
genes influencing N4 and P3 amplitudes in response to
the lexical decision task. The SDs on the genetic cor-
relations averaged 0.13 and ranged from 0.03 to 0.35,
whereas SDs on the environmental correlations aver-
aged 0.05 and ranged from 0.03 to 0.10.
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Table 2

Phenotypic, Genetic, and Environmental Correlations (Averaged
Across 19 Leads) for Between-Stimulus Type and Between-
Wavelength Comparisons

Wavelengths and Stimuli Phenotypic Genetic Environmental

P3 nonsense P3 antonym .67 .80 .62
P3 nonsense P3 unprimed .68 .81 .62
P3 antonym P3 unprimed .68 .91 .60
N4 nonsense N4 antonym .65 .86 .59
N4 nonsense N4 unprimed .73 .94 .66
N4 antonym N4 unprimed .62 .97 .53
P3 nonsense N4 nonsense .55 .74 .49
P3 antonym N4 antonym .63 .72 .61
P3 unprimed N4 unprimed .60 .85 .52
P3 nonsense N4 antonym .43 .72 .36
P3 nonsense N4 unprimed .41 .81 .28
P3 antonym N4 nonsense .38 .44 .35
P3 antonym N4 unprimed .38 .68 .28
P3 unprimed N4 nonsense .42 .61 .34
P3 unprimed N4 antonym .43 .76 .33

Table 3

LOD Scores >2 in Genome Screen

Chromosome and Distance
(in cM) from p-ter

Peak Stimulus
Lead LOD

2:
158 P3 Primed P7 2.16

3:
182 P3 Unprimed O1 3.08

4:
172 P3 Primed O1 3.29
168 N4 Primed O2 2.20
168 P3 Primed O2 2.76
146 P3 Unprimed O1 2.10

5:
90 P3 Unprimed T7 3.57
90 P3 Unprimed C3 3.46
68 P3 Primed PZ 2.05
84 P3 Primed C3 2.34
82 P3 Primed C4 2.42
82 P3 Primed CZ 2.69
90 P3 Unprimed F3 2.92
90 P3 Unprimed F4 2.34
90 P3 Unprimed FZ 2.21
90 P3 Unprimed F7 2.35
86 P3 Unprimed C4 2.69
86 P3 Unprimed CZ 2.92

6:
144 N4 Unprimed O2 2.60

11:
240 N4 Nonsense F8 2.39

13:
26 P3 Nonsense C3 2.19
60 P3 Primed C4 2.18

17:
86 P3 Primed C4 2.58

20:
0 P3 Nonsense C4 2.46

NOTE.—LOD scores >3 are italicized.

Table 3 lists all LOD scores >2 in the genome screens.
Four LOD scores over the conventional significance cut-
off of 3 were observed in three chromosomal regions.
The LOD profiles of these peaks are illustrated in figure
1. Multiple LODs 12 in a single chromosomal region
were only observed in the chromosome 4 and 5 areas
showing the highest overall LODs. Three traits pro-
duced peak LODs 12 around 170 cM on chromosome
4. These included both P3 and N4 amplitudes but were
restricted to occipital leads and primed stimuli. Eleven
traits had LODs 12 within 10 cM of the chromosome
5 linkage peak. These included P3 amplitudes in re-
sponse to primed and unprimed words at primarily cen-
tral and frontal leads.

Because these traits are so highly intercorrelated, ren-
dering standard corrections for multiple testing inap-
propriate, we conducted simulation studies to estimate
the significance of the observed LOD scores, given the
large number of traits analyzed in the linkage screen. A
marker unlinked to the trait loci was simulated using
marker allele frequencies drawn from the genotyped
polymorphisms, and linkage analyses were performed
with all 114 phenotypes. A total of 36,000 markers
were simulated, producing 14 million LOD scores. Ta-
ble 4 details the results of these simulations. The highest
LOD observed in our linkage screen was 3.57. LODs
>3.57 occurred 58 times in simulations of unlinked
markers for a pointwise P of .0016. However, the ob-
served chromosome 5 linkage derives strong support not
only from the magnitude of the highest LOD scores in
the genome screen (LODs 3.57 and 3.46) but also from
the large number of high LOD scores (11) within an 8-
cM region. In our simulations, two or more LODs
>3.46 with the same marker occurred 12 times (point-

wise ), and 11 or more LODs >2 occurredP p .0003
11 times (pointwise ). Three simulated mark-P p .0003
ers produced 11 LODs >2, of which two LODs were
>3.46 (pointwise ). To correct the single-P p .000083
marker pointwise P values for the genomewide screen
that was actually performed, genomewide P values were
calculated using the method of Feingold et al. (1993),
with the chromosome lengths and marker density from
the COGA genome screen and crossover rate estimated
from the types of relative pairs contained in the COGA
data set. With this correction, the conjunction of linkage
findings on chromosome 5 is expected to occur by
chance less than once in every 20 genome screens of
these 114 traits (i.e., experimentwide, genomewide

).P ! .05

Discussion

The interpretation of these results is complicated by the
unresolved statistical issue of correcting for multiple test-



Figure 1 Multipoint LOD plots for phenotypes with LOD 13 on chromosomes 3 (A), 4 (B), and 5 (C)
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Table 4

Results of Linkage Analyses of 36,000 Simulated Markers
with the 114 ERP Phenotypes

RESULT

NO.
OBSERVED

P

Pointwise Genomewide

LOD >2.00 4,984 .1384 NS
LOD >3.08 260 .0072 NS
LOD >3.29 147 .0041 NS
LOD >3.46 79 .0022 NS
LOD >3.57 58 .0016 NS
111 LODs >2.00 11 .0003 .0423
21 LODs >3.46 12 .0003 .0423
11 LODs >2, with

2 >3.46
3 .000083 .0232

ing in linkage screens of highly intercorrelated traits.
Given a limited number of traits, say five or fewer, the
best solution is obviously to conduct a single multivar-
iate linkage screen, taking into account the additional
degrees of freedom introduced by the multiple traits.
However, in the present situation, the number of phe-
notypes involved does not lend itself to this approach.
Another seemingly attractive strategy would be to con-
duct principal-components analyses to create genetically
orthogonal traits that extract the maximum genetic in-
formation in the minimum number of factors, reducing
the number of linkage screens to be conducted. Because
the principal components are uncorrelated with each
other, this strategy not only reduces the number of traits
but also renders appropriate a Bonferroni correction
based on the number of components analyzed. Olson et
al. (1999) used a principal-components approach in
analyses of 16 P3 and N1 amplitudes in response to a
visual target detection task for Genetic Analysis Work-
shop 11. They found that, although the first four prin-
cipal components accounted for the majority of the trait
variation (74%), these components showed little evi-
dence for linkage, and it was the remaining minor com-
ponents (accounting for !6% of the variance each),
which showed strong evidence of linkage. The fact that
minor components cannot be safely ignored suggests
that the principal components approach to reducing
multiple testing may discard valuable linkage infor-
mation.

In the absence of a clearly accepted method for deal-
ing with the problem of genome screens of multiple
correlated traits, we have chosen to present our linkage
results in as complete a form as possible, to provide the
reader with enough detail to accurately evaluate the
regions of signal. LOD scores 13 were observed in three
regions on chromosomes 3, 4, and 5. Chromosome 5
had both the highest LOD scores and the highest con-
centration of LOD scores 12 across multiple traits, mak-
ing it the most promising of the three candidate regions.
Our simulation analyses of the distribution of LOD

scores for this suite of traits under the null hypothesis
of no linkage indicate that clustering of false positive
results of this magnitude in a single chromosomal region
is highly unlikely. Taking into account the number of
traits analyzed and the number of tests performed in
the genomewide linkage screen, the P value estimated
for the conjunction of linkage findings on chromosome
5, 11 or more LODs >2 of which at least two are >3.46
(experimentwide and genomewide ), suggestsP p .0232
that we have met the standard criterion for statistical
significance.

In a related study, this area of chromosome 5 also
showed suggestive LOD scores (2–2.9) in a linkage
screen of P3 amplitude in response to visual target stim-
uli (Begleiter et al. 1998). As with the present study, the
previously reported visual P3 linkage signals on chro-
mosome 5 were highest for central and temporal leads.
Bivariate analyses with both the visual and lexical P3
amplitudes at the T7 lead produce a QTL-specific ge-
netic correlation of .68 ( ), supporting a hy-P p .009
pothesis of pleiotropy and suggesting that a single QTL
in this region of chromosome 5 influences responses to
both tasks. An examination of the online genetic da-
tabases reveals no compelling candidate genes in this
region of chromosome 5. However, it is worth noting
that this is the same area that has previously been linked
to a gene influencing schizophrenia (Sherrington et al.
1988; Owen et al. 1990). Although this finding has been
controversial and difficult to replicate (Aschauer et al.
1990), it is supported by the observation of trisomy of
this region of chromosome 5 in an uncle-nephew pair
with schizophrenia (Bassett et al. 1988; Gilliam et al.
1989). Also in this area is the gene ENC1, which codes
for a nuclear matrix protein expressed in primary neu-
rons and thought to be involved in neuronal differen-
tiation (Kim et al. 1998).

Although multiple testing issues necessitate caution
and restraint in the interpretation of these results, the
present study is a valuable first step toward the goal of
localizing genes that influence variations in brain func-
tion between individuals, as indexed by neuroelectric
measures, and that potentially influence liability to cor-
related psychiatric disorders. Further evidence support-
ing these results, particularly the promising candidate
region on chromosome 5, may be obtained from several
sources. Independent replication of the present results,
although ideal, may be the most difficult avenue of con-
firmation. As Suarez et al. (1994) have discussed, rep-
lication of a specific result generally requires a substan-
tially larger sample size than was used in the original
study. On the other hand, thorough investigation of
coincident results from different phenotypes through bi-
variate genetic analyses may both increase the evidence
for linkage and narrow the prospective candidate region
(Almasy et al. 1997; Williams et al. 1999a, 1999b). Such
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bivariate analyses have suggested that the QTL detected
on chromosome 5 in these analyses also influences P3
amplitude measured in a visual target detection task.
Finally, these results may be extended and confirmed
through fine-mapping of the candidate region, detection
of disequilibrium, and, ultimately, identification of one
or more functional polymorphisms.
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